Abstract The design of new austenitic alloys based on the Fe-Ni-Cr system requires knowledge of their oxygen permeability. Data are available for pure Fe and Ni but not for Fe-Ni alloys. Wagner's model for internal oxidation is used to evaluate the oxygen permeability in Fe-Ni alloys. Internal oxidation of Fe-Ni-Cr alloys carried out at 1150 and 1100°C in Rhines packs and H 2 /H 2 O mixtures is described. Internal oxidation produces zones of FeCr 2 O 4 and Cr 2 O 3 precipitates, according to parabolic kinetics. Permeabilities are deduced taking into account interfacial diffusion contributions. Oxygen permeability decreases with nickel addition in a non-ideal way, and oxygen permeability in nickel-rich alloys is independent of the studied environments. However, the oxygen permeability in iron at the highest temperature studied is increased in H 2 /H 2 O.
Introduction
Stainless steels and superalloys are based on the Fe-Ni-Cr system, and rely on formation of a chromia scale to achieve good temperature corrosion resistance. However, if the alloy chromium content is too low, chromium oxides are formed beneath the alloy surface and the material is internally oxidized. Wagner [1] derived Eq. (1) to calculate the minimum chromium content required to prevent internal oxidation, forming an external scale instead:
Here m is internal oxide stoichiometric coefficient, V all and V Ox the molar volumes of alloy and oxide CrO m ,D Cr the chromium interdiffusion coefficient, N ðsÞ O D O the alloy oxygen permeability and g the critical volume fraction of oxide required for transition from internal to external oxidation. If g reaches the critical value, internal oxides block the inward flux of oxygen and promote the growth of existing oxides instead of the nucleation of new particles and stop the progression of the oxidation front. A value g = 0.3 was found by Rapp [2] for Ag-In alloys, and this value is commonly used for other materials. However, recent results showed that the value of g could be affected by the presence of steam in the environment [3] .
Clearly, the oxygen permeability value is required in designing new alloys, which may be needed as power generation technologies are improved. Such values have been measured for pure Fe and Ni by internal oxidation of binary alloys Fe-Al [4] , Fe-Si [5] , Fe-Cr [6, 7] , Ni-Cr [8, 9] , Ni-Al [9, 10] , etc. Unfortunately, no data are available for Fe-Ni alloys, which form the basis of many commercial heat resisting alloys. A further complication arises from the presence of secondary oxidants, e.g. water vapour in the service environment. It has been suggested that water vapour accelerates internal alloy oxidation at high temperature [7, 11, 12] , but the effect of water vapour on alloy oxygen permeability is unknown.
The purpose of this work was to determine the variation of oxygen permeability with composition of binary Fe-Ni alloys, and examine the effect thereon of the presence of water vapour.
Oxygen Permeability Measured by Internal Oxidation
According to Wagner [1] , the internal oxidation kinetics are controlled by diffusion, and the depth of the internal oxidation zone (IOZ) is given by 
Experimental Procedures
The Fe-Cr and Fe-Ni-Cr alloys used in this study were cast from high purity iron (99.98%), nickel (99.995%) and chromium (99.99%) in an arc melter using a nonconsumable electrode and under flowing Ar-5%H 2 . Pure iron and 4 ratios N Fe / (N Fe ? N Ni ) were selected as base alloy compositions, and 3 chromium levels used, 2, 4 and 7.5 at.%. For high nickel alloys, 1 at.% of chromium was used because alloys containing 7.5 at.% of chromium formed an external chromium scale. After casting, alloys were annealed for 72 h under flowing hydrogen at 1100°C to ensure homogeneity. Alloy compositions were checked by Energy Dispersive Spectroscopy (EDS) and were in agreement with nominal compositions presented in Table 1 .
Samples were then cut in slices 1.3 mm thick, polished to a 4000 grit finish using SiC paper grade, cleaned with ethanol in an ultrasonic bath and dried before exposure.
Internal oxidation experiments were all performed at the Fe/FeO dissociation pressure corresponding to an oxygen partial pressure of 2.4 9 10 -13 and 4.7 9 10 -14 atm at 1150 and 1100°C, respectively. Anhydrous conditions were achieved using the Rhines Pack technique (RP) [13] . The samples were oxidized in vacuum-sealed quartz capsules, which contained a mixture of powdered iron and wüstite (molar ratio 2:3) to control the oxygen potential. The amount of powder provided oxygen in excess of the quantity of chromium being oxidized. To avoid interaction between the powder and the sample, the two were separated by a constriction in the capsule.
The Fe/FeO powder mixture was obtained by oxidizing an iron powder in Ar-18%H 2 O-4%H 2 at 950°C for 5 h. The co-existence of Fe and FeO was checked by X-Ray Diffraction (XRD) analysis after synthesis and the powder composition was determined by mass change. The powder was sieved to a particle size range of 100-850 lm. After reaction, powder mixtures were analysed by XRD to confirm that wüstite was still present.
Flowing H 2 /H 2 O gas mixtures were used to control the oxygen partial pressure at values equal to the Fe/FeO dissociation pressure. Gas mixtures were generated by passing mixtures of Ar ? H 2 through a thermostated water saturator set at a temperature to produce an excess of water vapour. The excess was then removed by passing the gas through a condenser set at a temperature corresponding to the After exposure, sample surfaces were analysed by grazing angle XRD. Reaction morphology was examined using metallography, and IOZ depths measured using image analysis software ImageJ. In addition, precipitates were analysed by EDS in a scanning electron microscope.
Results and Discussion
Internal Oxidation Kinetics and Internal Oxide Morphology Kinetics measured at 1150 and 1100°C in RP [14] and H 2 /H 2 O environments were all parabolic. Internal oxidation constants were determined using linear fits of data in X (i) 2 = f(t) plots. The internal oxidation rates increase with N Fe /(N Fe ? N Ni ) (Fig. 1) . In Fig. 2 , internal oxidation constants measured in wet condition are plotted as a function of internal oxidation constants evaluated in dry condition.
The k ðiÞ p values are similar in dry and wet atmosphere for all compositions at the two temperatures.
The IOZ was composed of discrete oxide particles, and no preferential oxidation of grain boundaries was observed. Particles were spherical and randomly distributed in the IOZ with no preferential growth orientation. In addition, the size of the internal oxides was increasing with increased chromium and nickel content of the alloy (Fig. 3) . No significant difference was observed in the internal oxide morphology after reaction in dry and wet environments. (Fig. 4) . For this reason, an effective stoichiometric coefficient was evaluated from the following equation [14] 
where X ðtÞ is the depth of the boundary between the spinel and the chromium oxide subzones, and X ðiÞ the IOZ depth, as shown in Fig. 4 . Effective stoichiometric coefficients are reported in Table 2 and the measurement error was estimated to be 5% of the measured value. As results show, the effective stoichiometric coefficient is sensitive to the ratio N Fe /(N Fe ? N Ni ); however, the temperature and the environment have no significant effect on the stoichiometry value. The enrichment factor was calculated with Eq. (7). The variable hc was evaluated from the value of k ðiÞ p and the interdiffusion coefficient of chromium published by Duh and Dayananda [15] (Table 3) .
In order to check the validity of Wagner's model, the enrichment factor was also measured from internal oxide volume fraction measurement using image analysis [14] , and the results obtained were in agreement with the enrichment factors calculated by the diffusional approach. Proceeding on this basis, the enrichment factors calculated using Eq. (7) were used and are reported in Table 1 . The errors in the enrichment calculation arise from error in the internal oxidation constant determination. In nickel-rich alloy, the IOZ depth is measured with larger uncertainty due to the smaller number of particles, as shown in Fig. 3 . In addition, the error evaluated for one alloy was the same in all experimental conditions. The errors are reported in Table 1 as relative errors. Like the effective stoichiometric coefficient, the enrichment factor is determined mainly by the alloy composition 8), but extrapolations do not pass through the origin. This disagreement with Wagner's model was attributed to fast oxygen diffusion at the incoherent matrix/oxide interfaces as reported in previous studies [7, 9] . The contribution of fast oxygen diffusion at matrix/oxide interfaces to the oxygen permeability is proportional to the internal oxide volume fraction which is proportional to the chromium content of the alloy [1, 9] . To consider enhanced oxygen diffusion at interfaces, an effective oxygen permeability was defined by the following equation [7] (8) and (11), the relation between the internal oxidation constant and oxygen permeability becomes
In Fig. 6 , the oxygen permeability of the matrix and the constant A are plotted with the alloy composition in dry and wet atmospheres at 1150 and 1100°C. In addition, permeability values measured by Guo et al. [16] in nickel at the Ni/NiO equilibrium were extrapolated to the Fe/FeO dissociation pressure using Sievert's In general, the oxygen permeability was found to increase with temperature and decrease strongly with nickel content as shown in the semilogarithmic plots of Fig. 6 . The oxygen solubility in Fe-Ni alloys was measured by Jullian et al. [17] in RPs at temperatures between 1000 and 1150°C, and the largest solubility variation measured was one order of magnitude between values in iron and nickel at 1150°C. However, the oxygen permeability is seen here to vary by two orders of magnitude in all conditions, which indicates that alloy composition has a significant effect also on the oxygen diffusion coefficient.
The presence of water vapour appears to increase the matrix oxygen permeability in iron at 1150°C, in agreement with Setiawan et al. [7] . However, the products am eff k ðiÞ p calculated for iron at 1,150C are equal for two alloys out of three and additional experiments would be desirable to confirm this result. In addition at this temperature, in nickel-rich alloys [N Fe /(N Fe ? N Ni ) \ 0.5], the oxygen permeability measured under wet conditions is slightly smaller than that measured in hydrogenfree environment. The same trend was observed at 1100°C for all compositions except for N Fe /(N Fe ? N Ni ) = 0.2. This reduction in the oxygen permeability under humid condition was in agreement with Guo's results for pure nickel. The increase of permeability in the presence of humidity in iron at 1150°C can be explained by an increase of the oxygen solubility and/or diffusivity. Jullian et al. [17] measured the oxygen solubility in iron in hydrogen-free atmosphere and found larger solubility than values measured by Swisher and Turkdogan [18] in H 2 /H 2 O gas. On the other hand, the oxygen diffusivity in the matrix might be enhanced by the presence of hydrogen in the iron lattice. Observations of Onink et al. [19] , in the Fe-C system, suggested that species in interstitial sites could expand the iron lattice, promoting interstitial diffusion. It has also been reported that metal vacancies have an effect on oxygen diffusion [20, 21] , and investigations into interactions between (Fig. 6b) show that interface enhancement of oxygen diffusion is weaker in nickel-rich alloys due to the change of oxide particle size with nickel content described in the section on internal oxide morphology. However, the effect of interstitial species on the parameter A for iron and Fe-20Ni base alloys is not clearly understood.
Conclusions
The oxygen permeability of Fe and Fe-Ni alloys was measured at 1150 and 1100°C in dry and wet conditions using the internal oxidation technique. These experiments showed that the use of H 2 /H 2 O gases had a negligible effect on the oxygen permeability. In this material, high permeability is likely due to enhanced oxygen diffusion in the matrix. Varying the alloy Ni/Fe ratio produced a strong, non-ideal effect on oxygen permeability.
